A rapid, simple, and reliable method of solid-phase extraction (SPE) combined with gas chromatography (GC)-mass spectrometry (MS) is developed for the analysis of a wide range of polarity of unknown organic pollutants in sewage. Wastewater samples are extracted by passing them through disposable C 18 cartridges, and the extracts are then analyzed by GC-MS. Different SPE parameters for ten organic compounds in the list of priority pollutants suggested by the China Environmental Protection Agency (EPA) are studied, and their breakthrough volumes are determined. Extraction recoveries for the tested compounds are greater than 60%, except the recovery of 1,2-dichloroethane is 48%. The relative standard deviations are less than 7.8% (n = 3). The developed approach is successfully applied for the identification of organic components in a sewage sample. Over 220 organic pollutants are identified, with 5 of these present in the list of priority pollutants suggested by the U.S. EPA and 4 from the list by the China EPA.
Introduction
With rapid industry development, a large amount of untreated or inadequately treated industrial sewage has been discharged into rivers, resulting in the deterioration of the aqueous environment. Many unknown microcontaminants are present in environmental aqueous matrices. For treating industrial sewage and assessing and maintaining the quality of surface waters, it is not sufficient that only a target compound is monitored in environmental aqueous matrices. Therefore, the enrichment and identification of unknown organic pollutants in sewage and other environmental aqueous matrices have important environmental significance.
Gas chromatography (GC) and GC-mass spectrometry (MS) are the main analytical techniques employed in environmental organic analysis. A large amount of literature reports the determination of target organic compounds in various environmental matrices using GC or GC-MS (1) (2) (3) (4) (5) (6) (7) (8) . However, only a few papers have been devoted to the complete identification of a wider-range polarity of unknown organic contaminations in environmental aqueous matrices (9, 10) . GC-MS is a powerful technique to separate and identify organic pollutants in environmental samples because of its high sensitivity, selectivity, and separation properties (11) (12) (13) (14) . In China, however, the samples that contain a broad set of components that may be unknown have not been the subject of routine analytical schemes. Therefore, establishment of a rapid, economic, and reliable analytical procedure for the investigation of unknown organic pollutants in sewage is desirable.
Because of the hazardous nature of sewage, and because organic contaminants at high and low concentration levels exist simultaneously in industrial effluents, the clean up and enrichment step for water samples prior to instrumental analysis is necessary. In past decades, many advanced and important preconcentration techniques, such as purge-and-trap (12) , headspace (15) , supercritical fluid extraction (2, 9) , and solidphase microextraction (16) , have been applied for the enrichment of organic compounds in aqueous samples. However, special and expensive devices are required in the preconcentration process. Compared with these techniques, SPE is not only an effective technique for the clean-up and enrichment of water contaminants prior to their instrumental determination, but it is also economical and convenient. Disposable commercial cartridges are available. Compared with conventional liquid-liquid extraction (LLE), SPE offers some advantages that include a cleaner extract, less solvent handling, lower manual labor, and more rapid sample processing (17) . In recent years, SPE has proved to be a convenient technique for the enrichment of various organic pollutants in environmental aqueous samples using various sorbents (18) (19) (20) (21) (22) . Nowadays, SPE has been an alternative sample preparation method to LLE in many U.S. Environmental Protection Agency (EPA) methods for analysis of organic compounds in drinking water and wastewater (17) . SPE still remains the most popular sample clean-up in the very active area of sample preparation in the field of separation science.
From a methodological point of view, two basic approaches can be performed: on-line and off-line SPE. In contrast to on-line SPE, one advantage of off-line SPE is the possibility of increasing the breakthrough volume by increasing the amount of the sorbent. Therefore, a higher enrichment factor can be obtained because of its ability to concentrate trace amounts of contaminants on a larger sorbent surface from a large volume of water sample. Another advantage is the ease of application to field sampling, which eliminates the problem of transportation and storage of voluminous samples. SPE uses most of the stationary phases (sorbent) and separation mechanisms available for highperformance liquid chromatography. During the enrichment step, the analytes should be well retained by the sorbent and not eluted by water. Therefore, reversed-phase materials such as sorbents are suitable to the preconcentration of organic contaminants from aqueous samples. The widely used stationary phases include octadecyl-bonded silica (C 18 ), divinyl-benzene-styrene copolymers, and carbon-based matrices. Of these, C 18 is the most common and easily used because it displays a strong retention for most nonpolar and midpolar organic compounds because of its hydrophobic character. Therefore, disposable C 18 cartridges were chosen in this study for the enrichment of organic containments in the sewage. The aim of this work is to establish a simple off-line SPE extraction combined with a GC-MS procedure for the clean up, enrichment, and identification of a wider-range polarity of unknown organic pollutants in environmental aqueous samples. In this method, the factors affecting the extraction efficiency in SPE were studied to achieve the maximum recoveries. An untreated sewage sample from Yan-Er-Wan Wastewater Treatment Plant (Lanzhou, China) was analyzed with good results.
Experimental

Materials and reagents
The disposable cartridges containing 500 and 1000 mg of C 18 adsorbent were purchased from Dalian Institute of Chemical Physics, Chinese Academy of Sciences (Dalian, China).
Methanol, dichloromethane, ethyl acetate, n-hexane, 1,2-dichloroethane, chlorobenzene, phenol, nitrobenzene, phenylamine, naphthalene (Second Tianjin Chemical Reagent Factory, Tianjin, China) were of analytical grade and were redistilled prior to use. Ethylbenzene, dimethyl phthalate, and di-n-butyl phthalate (First Shanghai Chemical Reagent Factory, Shanghai, China) were of chromatographic grade. Aliphatic standards from n-C 8 to n-C 24 , and aromatic standards including benzene, pxylene, o-xylene, 1,3,5-trimethyl-benzene, 1,2,4-trimethylbenzene, propyl-benzene, (1-methylethyl-)-benzene, tert-butylbenzene, anthracene, and biphenyl (Second Tianjing Chemical Reagent Factory) were of chromatographic grade.
Stock standard solutions in the concentration range of 5000-10,000 mg/L were prepared with dichloromethane and stored at 4°C. Working standard solutions were prepared by diluting stock standard solutions with dichloromethane and stored in the same way. Ultrapure water was prepared with a Milli-Q water purification system (Millipore, Bedford, MA). The pH of aqueous samples was adjusted by using 0.1M of either hydrochloric acid or sodium hydroxide solutions.
SPE procedure optimization
The SPE equipment, which is easily operated in any laboratory, consisted of a C 18 cartridge and a suction bottle connected with a water pump. The cartridge was fixed on suction bottles by a syringe needle inserted into the piston (Figure 1 ).
Ten organic compounds (Table I) were chosen for SPE procedure optimization with disposable 500-mg cartridges. The cartridges were activated before use by passing 5 mL of the elution solvent through them, followed by 5 mL methanol and 5 mL ultrapure water. A volume of 10 mL of ultrapure water was spiked with a mixture containing 5-15 µg of each tested organic compound. The pH and methanol fraction of the spiked solution were adjusted according to the test condition and then loaded onto the cartridges at a flow rate of approximately 3-5 mL/min under reduced pressure using a simple water pump. After loading the water samples, the columns were washed with 5 mL of definite methanol-distilled water (v/v) according to the test condition, and they were then dried by centrifugation at 2000 rpm for 10 min. Finally, the analytes were eluted from the columns, according to the test conditions. The elutes were collected in glass vials and then evaporated under a gentle stream of All the experiments of SPE procedure optimization were carried out on a Varian CP3800 GC (Varian, Palo Alto, CA) coupled with a flame-ionization detector. A fused-silica capillary column (50-m × 0.32-mm i.d, 0.33-µm film thickness, SE-54 crosslinked column) was used. The carrier gas was nitrogen with a flow rate of 2.5 mL/min. A split/splitless injector in the split mode was employed; the injector and detector temperatures were set at 260°C and 280°C, respectively. The temperature program was started at 40°C for 5 min, and a gradient of 4°C/min was used up to 255°C and held for 5 min. A 1.0-µL elute was injected into the injector, which was operated in the split mode at a ratio of 20:1.
Breakthrough experiment
Breakthrough volumes were estimated by measuring a series of peak areas (23) obtained after percolating 10, 25, 50, 100, 150, 200, 300, and 400 mL of ultrapurified water solutions containing 5 µg of each organic compound onto a disposable 500-mg C 18 cartridge. These experiments were performed according to the optimized SPE procedure and same GC condition.
Sewage sample extraction
A volume of 250 mL of sewage sample was passed through the cartridge directly. A 1000-mg disposable C 18 cartridge was employed for the extraction of sewage. The cartridge procedure was the same as the optimum SPE process described previously, but twice as much solvent volume was used. The elutes were collected in glass vials and then evaporated under a gentle stream of nitrogen to 50 µL for GC-MS analysis (enrichment factor, 5000) (19) .
Qualitative analysis
The extracts of sewage sample were analyzed using a Model TRACE GC-MS (Thermo Finnigan, San Jose, CA) equipped with an SE-54 fused-silica capillary column (30-m × 0.25-mm i.d., 0.25-µm film thickness). The following temperature program was used: the initial column temperature was 40°C maintained for 5 min and programmed at 4°C/min to 230°C held for 20 min, then at 5°C/min to 280°C held for 5 min. A split/splitless injector in the split mode was used, and the injector and detector temperatures were set at 290°C and 300°C, respectively. Helium was the carrier gas at a flow rate of 1.0 mL/min. Sample extracts of 1.0 µL were injected in the split mode at a ratio of 20:1. The electron impact ionization conditions were: 70-eV ion energy and 41.00-461.00 m/z range in the full-scan mode. Solvent delay was set at 4.0 min. Working standard mixtures of 1.0µL were solutions of aliphatic n-alkanes and aromatic hydrocarbons, which were injected at the same experiment condition to verify aliphatic n-alkanes and aromatic hydrocarbons compounds. Blank extracts of 1.0 µL were also analyzed.
Results and Discussion
SPE procedure optimization
In order to study the extraction efficiency for a wider range of organic pollutants, ten organic compounds with different boiling points (80-335°C) and different specific inductive constant (2.28-34.82) (Table I) in the list of priority pollutants of the China EPA were selected for SPE procedure optimization and breakthrough volumes determination. Among these ten compounds, all were present in the list of priority pollutants suggested by the U.S. EPA, except for phenylamine. The factors that could affect the SPE extraction efficiency were studied, including the elution solvent, elution volume, methanol fraction in aqueous samples (v/v), methanol fraction in washing solvent (v/v), and pH in aqueous samples. 
Influence of eluent solvent and elution volume
In the SPE procedure, the proper selection of the eluent solvent is the most important step. In order to choose an appropriate solvent for the elution of wider-range polarity organic pollutants from C 18 cartridges, dichloromethane, ethyl acetate, and n-hexane were tested, respectively. The effect of the different solvents on recovery is listed in Table I . The results indicate that good recoveries were obtained for most of the tested compounds using dichloromethane. Only naphthalene, 1,2-dichloroethane, and nitrobenzene gave better recoveries with n-hexane. Poor recoveries were obtained for nearly every compound when using ethyl acetate as the eluent solvent. Therefore, dichloromethane was chosen as the eluent solvent. Another reason for the choice of dichloromethane was that it has a better solubility for a wider range of more polar organic compounds. Table I gives the recoveries obtained using different volumes of dichloromethane as the eluent. The results indicate that an increase in the dichloromethane volume leads to an increase in the recoveries of almost all of the tested compounds. But, the operation with a larger volume of eluent in the SPE procedure was relatively difficult and brought a high blank, therefore 5 mL dichloromethane was adopted as the optimum volume.
Influence of methanol fraction in aqueous sample and washing solvent
The addition of an organic component to the aqueous sample can improve the adsorption efficiency of cartridges containing octadecyl-siloxane-bonded silica particles (17) . A definite fraction of organic component in aqueous samples can ensure adequate wetting of the cartridge bed and improve extraction efficiency. Meanwhile, in order to wash some interferences for obtaining a better chromatographic separation, an organic component fraction in washing solvent is necessary. Methanol is the most common and predominant organic modifier added to aqueous samples and washing solvent. The percent of methanol in aqueous samples and washing solvents reported in the literature varied from 1% to 70% (v/v) because compounds with different polarities were analyzed (17). Considering that our study focused on extracting a relatively wide range of polarity of unknown organic pollutants, the high percent of methanol in aqueous samples and washing solvent was not suitable. The higher polar organic compounds would lose because methanol fraction reached an amount for dissolving these compounds partially or completely. Therefore, in this study, the influence of fraction of methanol in the aqueous sample (v/v) and fraction of methanol in the washing solvent (v/v) was tested in the range of 3-10%. As can be observed from Table II , in the percent of methanol of the aqueous sample (v/v) tested, compared with the results of 5% and 3% methanol fraction, the recoveries of phenylamine and phenol in the 10% methanol fraction had a dramatic reduction such that 1,2-dichloroethane and benzene were lost completely and other compounds were lost to a various degree. The recovery of phenylamine with 3% fraction of methanol was better than in 5% of methanol, but the recoveries of 1,2-dichloroethane and benzene were the worst. Similar results were obtained in the 3% methanol fraction of the washing solvent (v/v) test, and although the recoveries of phenylamine and naphthalene were better than 5%, the recoveries of phenol, ethylbenzene, benzene, and 1,2-dichloroethane decreased particularly in benzene and 1,2-dichloroethane. In 10% methanol fraction of the washing solvent (v/v), compared with 3% and 5%, the recoveries of all tested compounds had a reduction at a different degree, Tert-butyl-2-(2-aimino-4-37.14 0.06 C* methyl-5-methoxyphenyl) acetate except for dimethytl phthalate and di-n-butyl phthalate. Therefore, 5% was selected as the optimum methanol fraction in aqueous sample (v/v) and washing solvent (v/v).
Influence of pH
The influence of the pH in aqueous samples on the extraction efficiency was studied in the range of 2.38-11.03. The results are presented in Table III . It can be seen from the table that the best recoveries for most tested compounds were obtained at pH 6.50, except for phenylamine and phenol. The recoveries of phenylamine increased with the increasing of pH, up to pH 9.03. The recoveries of phenol decreased with an increasing pH; the best recovery was obtained at pH 2.38. This result can be explained from the structure of the two compounds. From this study, we can summarize that for most organic compounds in neutral aqueous solutions, not only alkali compounds but also acid compounds all have a certain extraction efficiency. Therefore, pH 6.50 was chosen as the optimum.
The optimum SPE condition for the pollutants may be summarized as follows: 5% methanol fraction and pH 6.50 in aqueous sample (v/v) was adopted, and 5% methanol fraction-water (v/v) as the washing solvent and 5.0 mL dichloromethane as eluent solvent. Extraction recoveries for 10 tested compounds were greater than 60%, except for 1,2-dichloroethane, and relative standard deviations were less than 7.8% (n = 3).
Breakthrough volumes
The breakthrough volume is a significant parameter in SPE. The determination of breakthrough volume may be determined by several methods, including experimental measurements and theoretical prediction (17, 23, 24) . In this study, we chose a method (23) for estimating breakthrough volume, which consists of clean-up samples of increasing volumes, each containing the same amount of various analytes, and then measuring the peak areas of the pollutants eluted from the sorbent. When breakthrough occurs, the amount extracted decreases, as do the peak areas. The results showed that the first breakthrough occurred at 25 mL (10 µg) for nitrobenzene and 50 mL (15 µg) for 1,2-dichloroethane and phenol. Three compounds (chlorobenzene, ethylbenzene, and phenylamine) had breakthroughs at 150 mL (25 µg). For the other compounds, breakthrough volumes were not reached in the range tested. In SPE, breakthrough volume of the solute was found to be dependent on the solute amount. Their concentration in wastewater was approximately at the parts-per-million (mg/L) level (25) . Combining our test results (the smallest breakthrough amount was 10 µg for nitrobenzene on a 500-mg C 18 cartridge), 250 mL of sample volume was percolated onto a 1000-mg C 18 cartridge. Although this volume was too small for some nonpolar compounds to achieve a higher extraction amount, it could enrich higher polar compounds, thus avoiding their early breakthrough. This paper mainly emphasized enrichment and identification of mostly information about unknown organic contaminations in environmental aqueous sample, but also for accurate quantitation. Therefore, it is important to ensure the enrichment of organic pollutants in a wider polarity range.
Qualitative analysis of sewage sample
The identified results of the sewage sample at Yan-Er-Wan Wastewater Treatment Plant (Lanzhou, China) are summarized in Table IV and Figure 2. Table IV lists the names, retention time, and the percent of peak area of the major compounds found in sewage and marked priority pollutants. The majority of the 228 organic compounds identified were aliphatic and aromatic hydrocarbons. The aliphatic n-alkanes ranged from C 8 to C 27 . Figure 2 indicates that many aromatic hydrocarbons and their substitutes and derivatives are detected in 8.00-40.00 min. Other groups mainly included ketone, aldehyde, amine, and phthalate ester. Five compounds appeared in the list of priority pollutants suggested by the U.S. EPA, four compounds in the list of the China EPA, and over 60 compounds were their substitutes and derivatives. The results also showed that the sewage mainly contained petroleum and petrochemical pollutants and their substitutes and derivatives. All the major and minor components were identified by comparing their mass spectra with the NIST library. The identifications of aliphatic and aromatic hydrocarbons were partly confirmed by pure reference substances. The blank also contained bis(2-ethylhexyl) phthalate, butylated hydroxytoluene, and benzothiazole, which indicated that these contaminants already seriously polluted various environmental matrices. It was clear that many compounds with a high boiling point were present after 75.0 min and were not separated completely with GC-MS. The identification of organic pollutants with high boiling points in aqueous samples by LC-MS will be developed in a future study. This method of SPE extraction, combined with GC-MS, can also be used successfully for the analysis of organic pollutants in rivers, which will be discussed in another paper.
Conclusion
A simple method using off-line SPE combined with GC-MS has been proposed for the identification of a wide range of polarity of unknown organic pollutants in sewage. A high enrichment factor (5000) was obtained. The parameters affecting the SPE process were optimized. From this study we can anticipate that unknown organic pollutants can be easily identified if present in environmental aqueous samples using the established 
